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Abstract
In these proceedings, we present results for Higgs production at the LHC via gluon fusion with triple real emission
corrections and the validity range of the heavy-top effective theory approximation for this process. For a general
CP-violating Higgs boson, we show that bottom-quark loop corrections in combination with large values of tan β
significantly distort differential distributions.
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1. Introduction
Higgs production in association with two jets via
gluon fusion (GF) is a promising channel to measure
the CP-properties of the recently found new scalar bo-
son [1, 2] with mass of 126 GeV. The azimuthal angle
correlations lead to a distinguishable spectrum [3, 4]
sensitive to (1) the CP-nature of the Higgs particle,
shifting the positions of the minima/maxima, (2) the
Yukawa couplings, which change the normalization of
the cross sections, (3) parameters in theories beyond the
Standard Model (BSM), like tan β, which can signifi-
cantly distort phenomenologically important differential
distributions. Higgs production in association with two
jets via GF at leading order (LO) is a loop induced pro-
cess of order α4s . The LO corrections for a scalar Higgs
particle were computed in Ref. [3] and for a general
CP-violating Higgs in Ref. [5]. Predictions within an
effective theory approximation are known at NLO ac-
curacy [6, 7]. They reduce the scale uncertainties con-
siderably. However, the validity of these predictions are
restricted to Higgs/jet transverse momentum and/or for
1Speaker. Prepared for the 37th International Conference on High
Energy Physics (ICHEP 2014), 2-9 Jul 2014, Valencia, Spain.
Higgs masses lower than the top-quark mass. Further-
more, this approximation provides no predictions for
bottom-quark induced loop contributions which can be
relevant in BSM scenarios, e.g. due to a strong enhance-
ment via tan β = vu/vd, the ratio of two vacuum ex-
pectation values, appearing in two Higgs doublet mod-
els (2HDM), like the Minimal Supersymmetric Stan-
dard Model.
In these proceedings, we show results for the produc-
tion of a general CP-violating Higgs boson in associ-
ation with three jets via GF at LO beyond the heavy
top-quark limit approximation, presented in Ref. [8].
Results, for the CP-even scalar case were given in
Ref. [9] 2. This process is an essential piece to com-
pute the full NLO corrections of Higgs plus two jet
production process via GF. Focusing particularly on the
gg → gggΦ sub-process, being enhanced by large glu-
onic PDFs at the LHC, we study the validity of the ef-
fective theory approximation and the possible modifi-
cations of the azimuthal angle correlations due to the
presence of additional radiation. Additionally we inves-
2Recent results within the effective theory approach are also
available at NLO in Ref. [10] for a CP-even scalar Higgs boson and
for the electroweak induced process in Ref. [11]
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tigate bottom-quark loop contributions in combination
with large values tan β.
Sections 2 and 3 describe briefly the theoretical back-
ground and details of the calculational set up. Numer-
ical results are presented in Sect. 4 and conclusions in
Sect. 5.
2. Theoretical Framework
A general CP-violating Higgs boson, Φ, formed by a
mixing of a CP-odd, A, and a CP-even Higgs, H, state,
Φ = H cosα + A sinα , (1)
can be described via the Lagrangian
LYukawa = q (yq cosα + iγ5y˜q sinα) qΦ , (2)
where yq and y˜q denote the Yukawa couplings of the CP-
even and CP-odd components to fermions q. In the SM,
the smallness of the bottom-quark mass, mb, leads to
a suppression of the corresponding Yukawa coupling,
ySMb = mb/v, with v = 246 GeV, the SM vacuum ex-
pectation value. Thus, corrections with bottom-quarks
provide negligible contributions in gluon fusion produc-
tion modes. The remaining top-quark loop effects can
be therefore described within certain limits in a simpli-
fied form by the heavy top-quark mass limit approach.
In this limit, top-quark loops are replaced by effective
Higgs − gluons vertices, reducing the complexity of
the calculations considerably. The corresponding La-
grangian for a general CP-violating Higgs is given by
Leff = αs12pimt
(
YtGaµνG
a µν + Y˜t
3
2
Gaµν G˜
a µν
)
Φ , (3)
where Gaµν represents the gluon field strength and
G˜a µν = 1/2Gaρσ ε
µνρσ its dual. The generalized Yukawa
couplings Yt = FFH yt cosα and Y˜t = FFA y˜t cosα
include also form factors (FFH,A). They are derived
from the partial decay width of the Higgs boson to
two gluons and are therefore proportional to triangle
fermion-loops, re-introducing back missing quark de-
pendencies [12, 13]. Their explicit form can be found in
Ref. [8]. As mentioned before, the validity of the heavy
top-quark limit is restricted to Higgs masses and values
of the transverse momentum lower than the top-quark
mass. Additionally, in a 2HDM of type II, for large
values of tan β, the Yukawa couplings with bottom-
quarks receive strong enhancement and therefore should
be taken into account. In the effective theory approach,
these contribution are, of course, absent. The up- and
down-type Yukawa couplings for the CP-odd compo-
nents are given by,
y˜IIu = −
cot β
v
mu and y˜IId = −
tan β
v
md , (4)
where the SM-like vacuum expectation value v =√
v2d + v
2
u = 246 GeV and tan β = vu/vd are functions of
the two vacuum expectation values. Henceforth, in our
study of Φ j j j production, we will include bottom-quark
loop corrections to investigate their phenomenological
effects and test the validity bounds of the effective the-
ory approximation.
3. Calculational set up
In Φ j j j production, there are four contributing sub-
processes,
q q→ q q gΦ, q Q→ q Q gΦ,
q g→ q g gΦ, g g→ g g gΦ , (5)
together with the corresponding cross-related processes,
which are not written here explicitly. We show results
for the purely gluonic channel, which is enhanced by
the large gluon flux at the LHC. This sub-process is
also the most complicated one, because it contains mas-
sive hexagon one-loop diagrams, allowing us to test the
numerical stability of our program. Note that the LO
contribution involves a 2→ 4 one-loop × one-loop cal-
culation, thus, being subjected to numerical instabilities
of different kinds [14]. The details of our calculation
and the performed checks can be found in Refs. [8, 9].
Here, we provide a summary with the main features.
.
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Figure 1: Master Feynman diagrams
Eight master Feynman diagrams (Fig. 1) involving four
CP-even and four CP-odd Higgs couplings to fermions
were computed with the in-house framework described
in Ref. [15] – the attached gluons are considered to be
off-shell vector currents, which allow the addition of
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Figure 2: Cross section of the gg→ gggH scattering sub-process as a function of Higgs boson mass for c.m. energies
of 8 TeV and 14 TeV. Both panels show the effective (with and without FF) and the full theory contributions. The
applied cuts are discussed in the text in more detail.
further participating gluons. For this, we exploit the ef-
fective current approach [16] to evaluate the loop am-
plitudes. Furthermore, we apply Furry’s theorem to re-
duce the number of diagrams to be evaluated by a factor
of two. The color factors were computed by hand and
cross-checked with MadGraph4 [17, 18]. The numeri-
cal stability is guaranteed with the help of Ward Iden-
tities which are applied to every diagram (see Ref. [8]
for details). In addition, we also generated results for
this sub-process using the effective theory approxima-
tion. With this implementation, we can directly cross
check our full theory results. For mt = 5 · 104 GeV,
the agreement is better than one per ten thousand level.
Finally, we have cross checked successfully our results
provided by the effective theory approximation with the
MadGraph4 framework.
Both, the full and the effective theory implementation
are available via the GGFLO MC program, which is a
part of the VBFNLO framework [19–21].
4. Numerical Results
In the following, results for integrated cross sections
and differential distributions are presented at the LHC
for the sub-process gg → gggΦ. To cluster jets, we use
the kT-algorithm and impose a minimal set of inclusive
cuts to simulate experimental acceptance capabilities.
Jets are required to have a p jT > 20 GeV and to lie in the
rapidity range |y j| < 4.5 with a cone radius of R = 0.6.
Additionally, jets are ordered in terms of decreasing
transverse momenta, p j1T > p
j2
T > p
j3
T . As parton
distribution functions (PDFs), we use CTEQ6L1 [22]
with αs(MZ) = 0.130. The Higgs boson is produced
on-shell and without finite width effects. As electro-
weak input parameters, we choose MZ = 91.188GeV,
MW = 80.386GeV and GF = 1.16637 × 10−5GeV−2
and derive the weak mixing angle and the electromag-
netic coupling constant using SM tree level relations.
Except the top-quark with mt = 173.3 GeV and the
bottom-quark with a MS mass at mb(mb) = 4.2 GeV,
all other participating quarks are taken to be massless.
Additionally, following Refs. [12, 23], we use the rela-
tion between the pole mass and the MS mass, within a
5-flavor scheme to take into account the evolution of mb
up to the reference scale mΦ. Note, that for the Higgs
mass within the range of 100-1000 GeV, the Yukawa
couplings contain a 33-51% smaller mb than the pole
mass of 4.855 GeV utilized in the loop propagators.
The renormalization and factorization scales, are de-
fined by α5s(µR) = αs(p
j1
T )αs(p
j2
T )αs(p
j3
T )αs(pΦ)
2 and
µF = (p
j1
T p
j2
T p
j3
T )
1/3. In the following, we present results
for three different scenarios:
H (CP-even) : α = pi/2, yq = ySMq (6)
A (CP-odd) : α = 0, y˜q = y˜IIq (7)
Φ (mixed state) : tanα = 2/3, yq = y˜q = y˜IIq .(8)
For the effective theory approximation, we show results
with and without form factors (FF). The total cross sec-
tion as a function of the Higgs boson mass for the CP-
even Higgs boson is presented in Fig. 2 at a center of
mass energy (c.m.) of 8 TeV (left panel) and 14 TeV
(right panel). As expected, bottom loop corrections are
negligible within the SM. The effective theory approx-
imation provides accurate results (10%) up to Higgs
/ Nuclear Physics B Proceedings Supplement 00 (2018) 1–7 4
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Figure 3: Left: A + 3 jet cross section as a function of the pseudo-scalar Higgs boson mass mA, for different values of
tan β. Right: Φ + 3 jet cross section as a function of tan β for several values of mΦ. The applied cuts are discussed in
the text.
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Figure 4: Comparison of transverse-momentum distributions of the hardest jet of the gg → gggH scattering sub-
process evaluated within the effective and loop-induced theory. Cuts are discussed in the text.
masses of about 150 (175) GeV at a c.m energy of
8 (14) TeV. The application of form factors extends
the validity range up to approximately 300 GeV. Ad-
ditionally, it reproduces the threshold enhancement at
mH = 2mt. Beyond 300 GeV, the total cross section is
overestimated up to 20 (25) % at 8 (14) TeV c.m. energy
for mH = 400 GeV, and converges afterwards slowly to
the full theory result for the shown range of the Higgs
mass.
For small values of tan β, similar results are obtained
for a CP-odd Higgs boson (see the left panel of Fig. 3).
For large values of tan β, the bottom loop corrections
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Figure 5: The transverse-momentum distributions of the Higgs boson Φ (left panel) and the transverse scalar sum
(right panel), are plotted. Details are described in the text.
dominate and the effective theory is not valid anymore.
Note the fast decrease of the cross section for bottom-
quark loop dominating configurations (see the tan β =
50 curve). For the mixed state scenario (right panel),
we show the total cross section for Φ j j j production as a
function of tan β for different values of the Higgs mass.
Note that the minimum of the distribution, obtained for
y˜IIt ≈ y˜IIb , is shifted to larger tan β values with increasing
Higgs mass. This is due to the fact that the bottom-quark
loop corrections decrease faster with increasing Higgs
masses, hence, one needs bigger values of tan β to set
effectively both Yukawa couplings to equal strengths.
Next, we show selected differential distributions. In
Fig. 4 the differential distribution of the transverse mo-
mentum of the leading jet is presented for a light (left)
and heavy (right) Higgs boson. One can clearly see that
even for light Higgs bosons large differences appear be-
tween the effective theory, including the form factors,
and the full theory. The differences between both ap-
proaches are illustrated with the help of a K-factor de-
fined as effFF/(t + b), pictured in the lower panels. As
expected, the effective theory approximation yields ac-
curate results up to p jmaxT < 200 GeV. For a Higgs mass
of 400 GeV, where the largest discrepancy is observed
(about 25% at the total integration level) between the
full and the effective theory including FFs, the differ-
ences are even more prominent. The effective theory
predicts harder emissions and overestimates the full the-
ory result up to a factor of 5.
In Fig. 5, for the mixed state scenario and for small
values of tan β, similar effects are observed in the
differential distributions of the transverse Higgs mo-
menta (left) and the transverse scalar sum of the sys-
tem (right) defined as hT ∗ =
∑
i p
ji
T +
√
p2T,Φ + m
2
Φ
. For
tan β = 1, despite the fact that the normalization is
well predicted by the effective theory, large differences
up to a factor of 2 appear. These discrepancies be-
come larger with increasing values of tan β and addi-
tionally stronger softening effects are visible resulting
from bottom-quark loop corrections .
Next, we investigate the azimuthal angle distribution,
defined as the difference of the azimuthal angle between
the more-forward and the more-backward of the two
tagging jets (φ j1 j2 = ϕF − ϕB). To increase the sensi-
tivity of the φ j1 j2 distribution to the CP-structure of the
Higgs couplings, we slightly modify the applied cuts in
the following way
p jT > 30 GeV, ∆η j1 j2 > 3. (9)
/ Nuclear Physics B Proceedings Supplement 00 (2018) 1–7 6
 1.5
 2
 2.5
 3
 3.5
 4
dσ
/d
Φ
j1j
2 [
fb]
gg  gggH, √s=14 TeV, mH=126 GeV
 mt=173.3 GeV, mb,pole=4.855 GeV
t+b
top
effFF
 0.9
 0.95
 1
 1.05
 1.1
-150 -100 -50  0  50  100  150
Φj1j2
Kfact=effFF/(t+b)
 1
 1.2
 1.4
 1.6
 1.8
 2
dσ
/d
Φ
j1j
2 [
fb]
gg  gggH, √s=14 TeV, mH=400 GeV
 mt=173.3 GeV, mb,pole=4.855 GeV
t+b
top
effFF
 1.15
 1.2
 1.25
 1.3
 1.35
-150 -100 -50  0  50  100  150
Φj1j2
Kfact=effFF/(t+b)
Figure 6: Comparison of the azimuthal angle distributions of the gg→ gggH scattering sub-process evaluated within
the effective and loop-induced theory. Cuts are discussed in the text.
In Fig. 6, one can observe that the presence of additional
soft radiation does not distort the characteristic shape
obtained in the Higgs plus two jet production. In the left
panel, for a 126 GeV massive Higgs boson, the effective
theory approach approximates accurately the full theory
with a small deviation of 5 %. For a 400 GeV heavy
Higgs boson, the shape is well reproduced, but 20 % off
in the whole spectrum. The same distribution is plotted
in Fig. 7 for the CP-mixed state scenario. Here, the shift
of the minimum is given by the relation,
tan ∆φ j1 j2 =
3
2
y˜q
yq
tanα . (10)
Hence, in our model the minima are shifted to φminj1 j2 =−45o, 135o. It is clearly visible that the presence of ad-
ditional radiation does not alter the main characteris-
tics of the azimuthal angle correlations. Additionally,
one observes that the effective theory approximation ac-
curately reproduces the shape of the φ j1 j2 distribution.
However, in the full theory, it receives additionally kine-
matic distortions caused by the balance of the transverse
momenta of the jets with respect to that of the Higgs bo-
son due to conservation of momenta, and the softer mo-
mentum spectrum of the jets and the Higgs boson for
high values of tan β (see Fig. 5).
5. Conclusions
In these proceedings, we have presented results for
the Higgs production in association with three jets. We
have focused on the production process gg → gggΦ,
where Φ corresponds to a general CP-violating Higgs
boson, and showed results for three different scenar-
ios. We have studied the validity of the effective the-
ory approximation and confirmed that additional soft
radiation does not alter the main characteristics of the
azimuthal angle correlations. Additionally, we have
shown that bottom-quark loop contributions in combi-
nation with large values of tan β can lead to visible
distortions of phenomenologically important differen-
tial distributions.
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